Abstract: An efficient one-pot method for the enzyme-and ruthenium-catalyzed enantioselective transformation of aallenic alcohols into 2,3-dihydrofurans has been developed. The method involves an enzymatic kinetic resolution and as ubsequent ruthenium-catalyzed cycloisomerization, which provides 2,3-dihydrofurans with excellent enantioselectivity (up to > 99 %ee). Aruthenium carbene species was proposed as akey intermediate in the cycloisomerization.
Allenes,aclass of compounds with aunique substructure of two cumulative carbon-carbon double bonds,h ave been proven to be powerful building blocks for the construction of complicated skeletons. [1, 2] Thus,m uch attention has been focused on the transition metal-catalyzed cyclization of allenes [3] [4] [5] with an ucleophilic functionality to synthesize av ariety of potentially useful heterocycles. [6] [7] [8] [9] [10] Fore xample, a-allenic alcohols with as tereogenic center provide ready access to chiral oxocycles.Inthe past few decades,anumber of methods have been reported for the synthesis of chiral aallenic alcohols. [7, 10, 11] However,these methods either require stoichiometric chiral reagents or ac omplicated chiral ligand, the multiple-step synthesis of which would limit their practical application. Therefore,n ew methodologies for efficient access to optically pure a-allenic alcohols with broad compatibility and excellent enantioselectivity are still highly desired.
Enzymatic kinetic resolution (KR) [12] of racemates is an efficient and powerful method to produce enantiomerically enriched compounds.
[13a] Enzymatic KR would give excellent enantioselectivity for those substrates that conform to the Kazlauskas rule [13b] (Figure 1a ), such as aryl-substituted propargylic alcohols (Figure 1b) . However,e nzymatic transformations of a-allenic alcohols are still challenging,a st he allene unit did not fit well as the medium-sized group into the active site of typical lipases,t hus leading to low enantioselectivity ( Figure 1c) . [11] Therefore,s ynthetically efficient enzymatic kinetic resolution of chiral a-allenic alcohols is still ap roblem. [14] Furthermore,d ynamic kinetic resolution (DKR), which could overcome the theoretical maximum yield of 50 %ofKR, would enable the desired enantiomer to be obtained in up to 100 %yield by coupling of the KR with asuitable racemization reaction (Scheme 1). [15] However, we were surprised to find that the racemization catalyst C1 (Scheme 2) did not racemize allenic alcohols,b ut instead promoted their cyclization in an unexpected way.Onthe basis of this observation, we developed ao ne-pot process for the enantioselective synthesis of 2-substituted 2,3-dihydrofurans with the highest ee values observed for these compounds among all existing methods.
We screened as eries of biocatalysts for the enantioselective transacylation of allenic alcohols 1 in organic solvents (for details,s ee Table S1 in the Supporting Information). CALA gave relatively low enantioselectivity and al ow reaction rate.Bycontrol of the reaction time and temperature with substrate 1a,t he CALB family (CALB wild type and aC ALB mutant [16] )a fforded moderate E values (ranging from 32 to 44 depending on the variant and the solid support). To our delight, lipase PS on different solid supports displayed excellent enantioselectivity;I L1-PS (IL1-supported lipase PS) showed the best enantioselectivity and highest reaction rate.A fter this preliminary screening (see Table S1 ) we next investigated the substrate scope for the enzymatic kinetic resolution under the optimal reaction conditions.A lthough the E values were low for the two starting materials (rac)-1c and (rac)-1l (with 2-methoxyphenyl and cyclohexyl Rs ubstituents), probably owing to steric hindrance,IL1-PS showed excellent enantioselectivity for aw ide range of substrates,i n which the allene was tolerated as the medium-sized group (see Table S2 ). Thec alculated E values for these substrates ranged from 100 to 780.
With ah igh E value,b oth the allenic alcohol and the allenic acetate can be obtained with high ee values in the KR. TheKRof(rac)-1funder optimal conditions gave (S)-1fwith 99.9 % ee in 43 %y ield and (R)-3f with 95.2 % ee in 47 % yield within 8h[Eq. (1)].
Having established this highly enantioselective KR method, we attempted to develop aD KR method by combining the KR with the Shvo catalyst (C1). [17, 18] On the basis of previous research within our research group on the dynamic kinetic resolution (DKR) [15] of secondary alcohols,in which biocatalysts are combined with at ransition-metal catalyst, we tested racemization catalysts C1 and C2 (Scheme 2) with 1-phenylbuta-2,3-dien-1-ol ((rac)-1a)a st he standard substrate.W hen (rac)-1a was treated with catalyst C1,i sopropenyl acetate,a nd IL1-PS in the presence of Na 2 CO 3 in toluene at 70 8 8Covernight, the desired product was not observed. Surprisingly,t he cyclized product 2a (see Table 1 ) was obtained in 83 %y ield as as ingle product. In contrast, catalyst C2 was inactive toward the allenic alcohol (rac)-1a.
We next set out to optimize the reaction conditions for the ruthenium-catalyzed cyclization with C1 by using (rac)-1a as the substrate (for details,see Table S3 ). Toluene,THF,DCE, acetone,d ioxane,M eOH, and MeCN were tested as the solvent, and all gave (rac)-2a as as ingle product. Theb est result was found with toluene,w hich afforded (rac)-2a in 83 %yield (Table 1 , entry 1). Thereaction still proceeded well with ac atalyst loading of 2mol %.
Under the optimal reaction conditions,w en ext investigated the scope of the cycloisomerization of allenic alcohols (rac)-1.Arange of substituted 1-aryl buta-2,3-dien-1-ols were examined:D erivatives substituted with p-Me, o-MeO, mMeO, p-MeO, p-Br, p-Cl, and p-F groups all reacted smoothly to afford the corresponding products (rac)-2b-h as the only product in excellent yields (Table 1 , entries 2-8). However, substrates bearing an electron-deficient substituent, such as p-CF 3 (substrate (rac)-1i)a nd 2-naphthyl (substrate (rac)-1j), required al onger reaction time (4 hv s. 1.5 h; Table 1 , entries 9a nd 10). Thec ycloisomerization reaction also proceeded well to give 2k and 2l in excellent yields when the Rsubstituent was an alkyl group,such as benzyl (substrate (rac)-1k)o rcyclohexyl (substrate (rac)-1l).
We next studied the cyclization of optically pure (S)-1a. Since catalyst C1 is utilized as ar acemization catalyst in the DKR of secondary alcohols and primary amines,adrop in the ee value may occur during the cyclization. When optically pure (S)-1a (obtained by KR with IL1-PS) was treated with catalyst C1 (5 mol %) at 70 8 8Cf or 16 h, (S)-2a was obtained with 97.3 % ee [Eq. (2)].T his result indicates that the cycloisomerization is about two orders of magnitude faster than racemization, which means that the configuration of the Scheme 2. Ruthenium-based racemization catalysts. [a] The starting alcohol (rac)-1 (0.5 mmol) was dissolved toluene (1 mL) in the presence of the Shvo catalyst C1 (2 mol %). [b] Yield of the isolated product. Bn = benzyl, Np = naphthyl.
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Communications stereogenic center will be maintained in the C1-catalyzed cyclization.
With these results in hand, we designed an enantioselective one-pot synthesis of 2,3-dihydrofurans by combining the enzymatic kinetic resolution with C1-catalyzed cycloisomerization (Scheme 3). To our delight, for substrates with good E values in KR, the cycloisomerization products (S)-2 were obtained in 37-45 %y ield with excellent asymmetric induction (97.5-99.9 % ee). Furthermore,e ven substrate (rac)-1c, which underwent slow KR with low selectivity,was converted into (S)-2c in 29 %yield with 99.6 % ee with alonger reaction time.
To demonstrate the synthetic utility of the products,w e conducted an epoxide-formation-opening reaction to introduce two new chiral centers (Scheme 4). Compound 4,which can be isolated from its diastereomers,was produced in 65 % yield without loss of optical purity (97.5 % ee). Compound 4 can be used in the synthesis of optically pure (À)-3-deoxyisoaltholactone,t he enantiomer of an atural product, by an existing method. [19] We further studied the mechanism of this rutheniumcatalyzed cycloisomerization. It was first investigated whether 2,5-dihydrofuran 5 could be an intermediate in this reaction (Scheme 5). Compound 5,synthesized by aknown method, [20] was heated to 70 8 8Cf or 4h in the presence of catalyst C1 (2 mol %) in toluene.S urprisingly,i nstead of 2f,a nu nsaturated ketone 6 was formed in quantitative yield. This observation suggests that 5 is not an intermediate in the catalytic cycle.
In an effort to gain deeper insight into the reaction mechanism, we performed deuterium-labeling experiments. Ther eaction was carried out with [D 1 ]1f as the starting material in the presence of catalyst C1 (2 mol %) in toluene at 70 8 8Cf or 2h (Scheme 6a). Compound 2fa was formed with Scheme 3. Scope of the KR/cycloisomerization one-pot reaction. A solution of (rac)-1 (0.5 mmol) in dry toluene (1 mL) was mixed with IL1-PS (10.0 mg) and dry Na 2 CO 3 (26.3 mg) in areaction vial, and the resulting mixture was stirred for 5min. Isopropenyl acetate (110 mL, 1mmol, 2equiv) was then added, and the reaction mixture was stirred at 50 8 8C. After 12-16 h, the Shvo catalyst C1 (2 mol %) was added to the solution, and stirring was continued for another 4hat 70 8 8C. The ee values of the products were determined by GC analysis on achiral stationary phase (see the SupportingI nformationf or details). ]1fwas carried out under the same reaction conditions to give 2fb.T oo ur surprise,avery similar deuterium distribution at the allylic position (X 1 + X 2 ) and vinylic position X 3 was observed (Scheme 6b). Theo nly difference was that instead of 0% deuterium incorporation at the vinylic position X 4 as in 2fa,1 00 %d euterium incorporation was found at the X 4 position of 2fb.T he reaction of [D 3 ]1f (Scheme 6c)a fforded product 2fc,w hich had about twice the amount of deuterium in positions X 1 + X 2 and X 3 as compared to the previous products 2faand 2fb.
On the basis of the deuterium-labeling experiments,w e propose ap ossible mechanism for the cycloisomerization of substituted 2,3-allen-1-ols (Scheme 7; see Scheme S2 in the Supporting Information for details about the nature of the metal complexes involved). Catalyst C1 is known to split into two monomeric species on heating in solution (see the Supporting Information). Coordination of the terminal C=C bond of 1 to Ru would form int-1,and subsequent ring closure of int-1 would give av inyl-ruthenium intermediate int-2. Rearrangement of int-2 would give the key intermediate ruthenium carbene int-3.Protonation of int-3 to give int-4 and subsequent deprotonation at the CH 2 Op osition would produce int-5.T he reaction of int-4 to give int-5 is believed to be irreversible,s ince the cyclization of [D 2 ]1f to 2fb (Scheme 6b)l ed to 100 %d euterium incorporation at the vinylic position X 4 .T he equilibrium between int-4 and int-3 will lead to the observed deuterium content in the allylic (X 1 + X 2 )p osition of the product, which reflects the D + /H + ratio in the solvent. [21] Them uch lower deuterium content in the vinylic position X 3 is due to akinetic isotope effect (k H /k D ) in the protonation of int-5,s ince this step is irreversible.
In conclusion, we have developed an ovel synthesis of 2-substituted 2,3-dihydrofurans from readily available allenic alcohols through ar uthenium-catalyzed cycloisomerization. On the basis of this transformation, ao ne-pot enantioselective process combining KR and cycloisomerization was established. Oxygen-containing heterocycles were synthesized under mild reaction conditions with good functionalgroup tolerance.T he products obtained can be further transformed into av ariety of important derivatives.T his method should be attractive for the pharmaceutical industry. Aruthenium carbene int-4 is proposed as akey intermediate of the cyclization.
